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CHAPTER I
INTRODUCTION
In the most general sense the goal of electrocardiography can be said to be the solution of two closely
related problems concerning the electrical activity of
the heart.

The first of these problems is the measure-

ment, via external electrodes located on the body surface,
of electrical potentials which accurately characterize
the electrical activity of the heart.

The second problem

is to relate the potentials thus measured to the physiological mechanisms by which they are produced and ultimately
to gain insight into the pathological conditions and their
location within the heart by which these potentials might
be altered.

Several properties of the human heart and of the
human body have combined to make the problem of accurately
measuring cardiac potential at the body surface an extremely difficult, if not, as believed by many investigators, a.n impossible assignment.

Among these properties

are irregularity and individual variability in the size
and shape of the human torso, individual variation in the
anatomic position of the heart, variability in the position
of the electrical center of the heart throughout the cardiac
cycle, and inhomogeneities in the conducting medium inter-

2

posed between the heart and the body surface.
Through the years a large number of electrocardiographic lead systems have been designed which attempt to
increase the efficiency of retrieval of the information
available in the cardiac electrical activity and to

~ini

mize the errors introduced by the physical properties of
the heart and of the human body as mentioned in the
preceding paragraph.
It is the purpose of this paper to review a number
of these lead systems and to discuss their importance,
either actual or potential, in clinical electrocardiography.

CHAPTER II
STANDARD l2-LEAD ELECTROCARDIOGRAPHY
The "conventional" clinical electrocardiogram is
based on a system of twelve leads which were devised incorporating a number of inaccurate assumptions which introduce
certain errors and distortions of various significance
into the tracings obtained.

These twelve leads are essent-

ially of three types1 three standard limb leads, three
augmented unipolar limb leads, and six unipolar precordial
leads.

In the sections to follow these leads will first

be discussed separately and finally the combination of
these leads and their impact on clinical electrocardiography will be reviewed.
I.

THE STANDARD LIMB LEADS

l
Einthoven , in 1913, introduced a system of bipolar
leads for the purpose of measuring the "manifest cardiac
vector."

The system consists of three leads with electrodes

placed on the right arm, left arm, and left leg.

For lead

I the positive electrode is placed on the left arm and the
negative electrode is placed on the right arm.

In lead II

the positive electrode is on the left leg and the negative
electrode is on the right arm.

Lead III has the positive

electrode on the left leg and the left arm electrode is

4
negative.
In designing this system Einthoven was forced to make
three assumptions which he realized at the time to be only
approximations of the truth. but which he accepted in the
interests of convenience and simplicity. in the absence
of satisfactory alternatives, and in the belief that the
errors introduced would be small and would not greatly
diminish the validity of the imformation obtained.

These

assumptions are: (1) that the heart could be represented as
a fixed, point-like electrical generator. that
(2) that

~he

~s

a dipole.

body could be represented as an infinite.

spherical, homogeneous volume conductor with the heart at
its center, and (3) that the extremity electrodes were
sufficiently distant from the heart to be considered
electrically equidistant, if not actually anatomically equidistant, from the heart.

Since the introduction of the

standard limb leads these assumptions have been the subject
of a great deal of controversy and of countless investigations as to their validity and as to the magnitude of the
errors involved.
Perhaps the most hotly contested of these three hypotheses is that the heart can be represented as a fixed dipole.
2
Frank states the problem as follows:
Given a three-dimensional conducting medium with an
insulating boundary (the human body) and a time-varying potential distribution over the boundary (P, QRS ,

5

and T waves). determine the characteristics of internal electrical generators that could have produced
this potential distribution.
From the problem thus stated and from a knowledge
of fundamental potential theory it can be seen that an
answer is ¢bviously possible, but that an unique answer
is just as obviously impossible, since it is known that
potential distributions on the boundary do not specify
unambiguously internal generators that produced the potential distributions.

Therefore, in electrocardiography, an

equivalent generator that by definition produces exactly
the same body-surface potentials as the actual heart genera tor can be deduced from body-surface potential measurements, but there is an infinite number of different equivalent generators that could produce the same results.
Frank concluded from this that the dipole hypothesis thus
represents a generator that could have produced the observed surface potentials, but is an artificial concept
and does not actually exist.
More specifically, Taccardi

3

plotted isopotential

maps on the body surface of a series of normal subjects.
He found patterns that could not be ascribed to a

singl~l

dipole generator, that is multipolar patterns, for periods
of 20 to 35

msec~

during QRS.

For the remainder of the

QRS duration a dipolar distribution was found.
Despite the fact that the dipole hypothesis is

6

almost universally considered inaccurate, it is also generally accepted that within the fromework of olinical
electrocardiography it does represent a good first order
approximation.

Indeed, Frank4 provided sound theoretical

evidence that the theory is a sufficient model of actual
conditions to provide useful clinical information without
gross distortion.
As regards Einthoven·s second assumption, Katz

5

states that the human body as a volume conductor is finite
rather than infinite.
geneous.

It is neither spherical nor homo-

And furthermore, the heart is located eccentri-

cally and close to the surface.
A large body of information concerning the conductive properties of the various tissues surrounding the heart
has also been presented over the years. Linder and Katz 6
in a series of experiments involving the insertion of
insulating materials between the heart and the surrounding
tissues demonstrated that the posterior muscle mass is the
best electrical conductor, followed by the diaphragm and
its adjacent viscera, and then by the superior mediastinum.

The anterior chest wall they found to be a relatively

poor conductor and the lungs act as almost complete insulators.

They state that the electrocardiogram is not a sum-

mation of events occurring in 'all parts of the heart, but
is primarily a summation of events occurring in those regions

7

which are in contact with the better electrical conductors.
Other regions play a less important role.

Thus the regions

which will have the greatest effect on the 4istant electrical field and hence on the electrocardiogram will be
those in contact with the posterior paravertebral muscle
mass (the base of the left ventricle and the posterior
aspect of the left atrium) and those in contact with the
diaphragm (the caudad regions of the right atrium, right
ventricle, and left ventricle).

The anterior surfaces of

the right atrium, right ventricle, and left ventricle, in
contact with the anterior chest wall over the precordium,
will have a lesser importance, while the rest of the heart
shielded from the body by the lungs will have an unimportant
role, especially in the upper lateral portions of the heart
where the lung is so thick that for practical purposes it
shields completely these parts of the heart from the chest
wall.
In designing a system of leads for the purpose of
measuring cardiac vectors it is essential that all leads
involved measure potentials on the same scale, which is to
say that all electrodes must equidistant electrically from
the source of the electrical field.

Realizing the difficulty

of placing three mutually perpendicular leads on the body
equidistant from the heart equivalent generator, Einthoven
made use of a characteristic property of electrical fields

8

that the intensity of the field diminishes algebraically
with increasing distance from its center.

It has been shown

that when an electrode is about 15 em. from the heart
increasing this distance has littl:'e effect on the measured
potential.

Thus:,dm making the assumption that electrodes

placed on the limbs are electrically equidistant from the
heart Einthoven is again technically inaccurate but the
error introduced is so trivial that for clinical electrocardiogrpphic purposes the assumption is a valid approximation.
II.

THE AUGMENTED UNIPOLAR LIMB LEADS

The remaining two components of the standard l2-lead
system are unipolar leads as differentiated from the standard limb leads which are bipolar leads.

A unipolar lead

may be defined as one which measures the potential difference between a variable point and a fixed point in which
the potential variations of the fixed point are equivalent
to those of a region of the force field wherein current
density is negligible in comparison to its variation at the
variable point.
Many years after Einthoven introduced the standard
7
limb leads, Wilson and his associates introducedt;the unipolar limb leads.

In these leads the variable or positive

electrodes are each attached to a limb.

The fixed or

9

negative electrode is attached by three wires to all three
limbs.

The negative electrode is thus the summation of the

three standard limb leads.

Assuming the validity of Ein-

thoven's postulates and the accuracy of the Einthoven, and
according to Einthoven"s law which states that the magnitude
of the deflection of lead II (where lead II by convention
has a reversed polarity), then the central terminal of
Wilson (which as pointed out above is the summation of the
limb leads) will have a zero potential throughout the cardiac cycle.
The unipolar limb leads and the Wilson centralterminal utilize the same electrode positions as those employed for the standard limb leads and thus, as would be
expected, they are subject to the same errors and pistortions
as were discussed above for the standard limb leads.

Two

additional aspects of this system of leads (and also of the
precordial leads, as will be pointed out in a later section)
which incorporate the theoretical basis for their application and the rationale behind their introduction have been
subject to detailed scrutiny.
The first of these assumptions is that the centralterminal contributes a zero potential throughout the cardiac
cycle.

Hill

8

states that on the basis of the characteris-

tics of the usurface zero" measured by external electrodes
and the "intrinsic zero" measured at the surface of the

10
heart equivalent generator and as a result of the characteristics of the conducting medium imposed between the two
it is impossible to find a point or even any combination
of points on the body that will give a true zero potential,
or that will give the same potential throughout the cardiac
cycle.
Wilson

In support of this view Bayley
centra1~termina1

9

states that the

is no more than a method of approx-

imating the potential of the mid-point of the equivalent
cardiac dipole.

He measured the potential of the centra1-

terminal with respect to a grid-lead central terminal and
found that the potential varies considerably from subject
to subject and averaged 0.32 mv in a small group of normal
ma 1 e subj ec t s.

d th cen t ra 1 - t
ina
l poFrank10 measuree
erm

tentia1 on a normal human subject and found an amplitude
of 0.79 mv.
However, although it was conclusively demonstrated
that the central-terminal did not remain at zero potential throughout the cardiac cycle, it was also demonstrated
by Dolgin, Grau, And Katz11 that its fluctuation from zero
was less than at any single point on the body surface.
Thus, the Wilson central-terminal has gained almost universal acceptance as a useful approximation of an uindifferent"
or

Il

zero potential II electrode.
The second assumption made with respect to unipolar

limb leads and to unipolar leads in general is that their

11

introduction would provide information not obtainable from
the bipolar limb leads and they they would be greatly influenced by that region of the heart in closest proximity
to the exploring electrode.
Since the unipolar limb leads use the same electrode locations as the standard limb leads they must measure
the same electrical forces as the standard limb leads do.
The differences in contour observed simply reflect the fact
that the axes on which the unipolar leads are measured
are

oriente~differently.

In short, both the standard limb

leads and the unipolar limb leads contain exactly the same
information and neither type has superiority from either
a clinical or theoreticl point of view.
The concept that the unipolar leads would measure
directly the electrical activity of those regions of the
heart inclosest proximity to the exploring electrode has
also been extensively examined and found to be inaccurate.
This idea will be discussed in greater detail in association with the precordial leads.
III.

THE PRECORDIAL LEADS

The third type of lead utilized in the clinical electrocardiogram is the unipolar precordial lead.

Six such leads

are generally recorded and are labelled VI through V6.
As in the unipolar limb leads the negative or indifferent

12
electrode is the Wilson central-terminal.

The positive

or exploring electrodes are located at six specific sites
across the anterior chest wall as follows:
Vl •••••••• Fourth interspace, to right of sternum
V2 •••••••• Fourth interspace, to left of sternum
V3 •••••••• Midway between V2 and V4 positions
V4 •••••••• Fifth inte~space in mid-clavicular line
VS •••••••• Lateral to V4 In anterior axillary line
V6.; •••••• Lateral to VS in midaxillary line
The introduction of the precordial leads into electrocardiography owes largely to contributions by Wilson
in two areas.

The first, of course was the design of the

central-terminal.

The second contribution stemmed

fro~

his observation that if one electrode was placed directly
over the

~eart

and the ether at a remote site little diff-

erence was recorded in the pattern as the location of the
remote electrode was varied.

He reasoned from this that

the potential variation observed was due almost entirely to
that measured by

~he

precordial electrode and that the reason

for this imbalance was the relative proximity of the electrode to the heart.

It then seemed logical to assume that the

electrode preferentially measured the electrical activity
of that portion of the heartc«irectly underlying it.
On the basis of this assumption Wilson 12 introduced the
precordial lead system that is still in

~se

today.

The first

three precordial leads were presumed to selectively measure
the activity of the right Ventricle, while the last three
were believed to measure that of the left ventricle.

The
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acceptance of this theory led to the so-called t'unipolar
method ll of interpretation which was held to be accurate
for several years after its emergence.
This hypothesis has been tested extensively and
subsequently was shown to be false.

Among others, Frank13

demonstrated that local effects measured in the precordial
leads accounted for only about 5% of the QRS complex in
14
normal subjects. Simonson et al
confirmed this and in
addition showed that this proportion remained small in
abnormal situations as well.

Further evidenoe against the

theory of "local effect" is the fact (to be dealt with in
greater detail in a later section) that various orthogonal
lead systems have been found to contain all the information
available in a standard l2-lead electrocardiogram which
would not be the case if the precordial leads were indeed
influenced by specific regions of myocardium.
Despite the fact that the "unipolar method ll has proven
to be invalid, the precordial leads have been of considerable benefit to the practicing physician.

Both the stan-

dard limb leads and the unipolar limb leads measure the
cardiac vectors only asprojections on·the frontal plane,
but provide no information as regards the anterior-posterior projection of the vectors.

Since the negative elec-

trode is for all practical purposes at zero potential the
axes of the precordial leads can be shown to be extending

14
along an

imag~nary

line between the electrical center of the

heart to the location on the chest of the exploring electrode.

By measuring the projections of the cardiac vec-

tors along the axes of the six precordial leads an estimate as to their orientation in the anterior-posterior
direction can be made.
IV.

CLINICAL APPLICABILITY OF THE l2-LEAD SYSTEM

Since its inception the field of clinical electrocardiography has been highly empirical.

Electrocardiographic

theories have largely been formulated and discarded on the
basis of agreement with or variance from clinical and
postmortem observations.
It is well recognized that body surface potentials as
representative of the electrical activity of the heart are
appreciably distorted.

A great many factors are involved in

producing this distortion.

Among these are factors already

mentioned, such as the distributed nature of the

~lectri

cal forces within the heart itself, inhomogeneities in the
conducting medium, inability to determin the electrical
center of the heart, and inability to place surface electrodes
accurately and uniformly.

Other distorting factors include

normal variation in torso size and shape, variation in
electrical orientation and position of the heart and skinlS
electrode interface distortion.

15
In order to devise a method of retrieval of the information provided by the electrical activity of the heart,
which is both simple enough to be practical and yet accurate enough to be meaningful, a number of assumptions and
approximations have been made.

Some of these have been

discussed in the preceding paragraphs.
The field of electrocardiography which thusevolved
has become, and will continue to be an extremely valuable
tool for the practicing physician and provides a great
deal of clinically valuable information.

However, the

information that is obtained is largely qualitative or
at best semi-quantitative, and there undoubtedly is a
significant amount of information available which at the
present time we are unable to make use of.
In order to promote greater efficiency in the retrieval of this information, in order to better investigate
the field of cardiac electrophysiology itself, and in
order to obviate the errors inherent in the present system,
a number of lead systems have been proposed.

It is with

selected examples of these systems that the remainder of this
paper will deal.

CHAPTER III
ORTHOGONAL AND DIFFERENTIAL LEAD SYSTEMS
I.

ORTHOGONAL LEAD SYSTEMS

If the assumption that the heart represents a fixed,
point-like current generator were valid, the theoretically
the electrical potential generated by the cardiac dipole
could be completely characterized as to magnitude and directionby three mutually perpendicular leads.

A great many

so-called orthogonal lead systems have been proposed through
the years but, as in the case of the standard limb and
precordial leads, the irregular physical characteristics
of the human heart and torso have limited their success.
The design and analysis of orthogonal lead systems
have been greatly simplified by the introduction of the
concept of the "lead vector" by Burger and van Milaan.
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They based the lead vector on the assumption of a single,
fixed dipole.

The lead vector is related to the potential

difference measured across the terminals of any electrocardiogr~pbic

lead by the following equation.
V

..

.

= ~.:r

••••• (1)

where V is the lead potential, M is the current dipole mom-

.. ..

ent of the heart, J is the lead vector, and M·J signifies
the dot or scalar product of two vectors.
J is dependent on the size, shape and conductive

17
characteristics of the torso and on the position of the
electrodes.
magnitu~e

It is, however, unaffected by changes in the

or direction of the dipole.

Since in any indiv-

idual the only variable affecting the lead vector is the
electrode position it may be used to estimate the orthogonaJ.,ity of any system of leads.

The lead vector is identical
to the tlimage vector" of Frankl5 and the transfer impedance
of Schmitt. 17
McFee and Johnston l8 introduced the concept of the lead
field which extended the concept of the lead vector to
allow for the more realistic situation of a heart consisting of multipole dipoles.

They defined the following

theorem:
The open circuit voltage, v, produced in any lead is
related to the electromotive forces of the heart by
the equation:
where the e"'s are the potential differences of the
electromotive force elements, and the i~s are the
currents passing through the elements wh~n a unit
current is introduced into the lead.
The lead field is then defined as the field of current
which is produced in the body when a unit current is introduced into the negative electrode of a lead and leaves its
positive lead.
Although the lead field is based on the more accurate assumption of multiple cardiac dipoles rather than a
single dipole as in the case of the lead vector, it can be

18

shown that it is an intuitive, non-mathematical approach to
the analysis and design of electrocardiographic leads.

Both

concepts have proved to be extremely valuable tools in the
study of lead systems, but if a more exact mathematical
analysis of lead structure is desired the description of
leads in terms of mUltiple lead vectors should be employed.
Lead vectors have been found to be extremely sensitive in both magnitude and direction to changes in dipole
location.

19

However, by forming compound or network leads a

greater uniformity of the lead vector has been achieved.
Thus a lead need not be limited to the measurement of the
difference inpotential between two points. Rather a lead
might be redefined as a pair of terminals connected directly or through resistors to any number of points.

The

relative weighting of the contributions of each of the points
can be fixed by variation in the resistors interposed
between each of the points and the two terminals.

Leads

thus weighted are electrically rather than anatomically
orthogonal and have a relatively uniform lead vector for a
wide distribution of dipole locations.

The horizontal (X)

and sagittal (Z) leads of such "corrected" orthogonal lead
systems consist of compound leads.

Body configuration is

such that a lead formed by an electrode on the head or neck
and an electrode on the left leg serves as a satisfactory
vertical (y) lead.

19

An ideal orthogonal lead system would meet the following criteria20 : (1) It would accurately extract three
spatially orthogonal components of the equivalent generator.
(2) It would obtain identical outputs from a single dipole
regardless of the dipole within the medium. (3) If current
sources of higher singularity such as quadrupoles of octopoles are present, the output would respond to the dipole
only.
A number of lead systems have been designed including those of Frank 21 ,McFee and Parungao 22 , Schmitt and
c.
17 , Barber and Fischmann 23 , Brody and ArZbaecher 24 ,
~1monson
and Helm25 , among many others.

A number of investigators

have analyzed and compared several of these leads as to their
2l
physical characteristics and accuracy. According to Frank
a practical vectorcardiographic lead system must represent
an optimum compromise among manw conflicting factors, such
as soundness of theoretical basis, accuracy, vulnerability
to dipole location, ease and speed of application, reproducibility, signal-to-noise

ratio~

and cost.

He estimates

that utilizing the basic assumptions of a fixed equivalent
dipole and of a

homogeneou~

conducting medium, the informa-

tion obtained will be accurate to

~

15 percent.

For the

purposes of this review it suffices to say that several of the
proposed lead systems are sufficiently accurate for clinical
electrocardiographic application.

The use of orthogonal

20

leads in clinical electrocardiography will be discussed
in a later section.
II.

DIFFERENTIAL LEAD SYSTEMS

As noted previously, the unipolar limb leads and the
precordial leads were originally introduced into clinical
electrocardiography on the assumption that they represented
semi-direct rather than remote leads, and that, therefore,
they were influenced primarily by the region of the myocardium directly subjacent to them.

While this concept has

generally been discarded the quest for lead systems which
would measure the "local effect" of various heart regions
has gone on.
Fischmann and Barber

26

studied a homogeneous heart-

torso model consisting of six electrically isolated areas.
They developed

II

aimed II electrocardiographic leads which they

felt responded selectively to each of the defined electricaly

active areas while being insensitive to the other regions.
27
In 1959, Schmitt
introduced the term IIdifferential

lead" to describe an array of electrodes intended to accentuate certain aretactivities in the heart to the exclusion
of ot.hers.

He at.tempt.ed t.o ut.ilizethe concept. of transfer

impedance to develop lead" whose t.ransfer::-impedance vect.or
would concentrate at. a cert.ain region or plane of the myocardium and thus would focus at. t.hat. point. for diagnostic

21

evaluation.

The ideal differential lead would produce

transferimpedance vectors which would cancel out at all portions of the heart other than that region focussed upon.
Sinbe1 28 utilized a human torso model'to design differential lead systems by transfer impedance characteristics.
She observed that different orthogonalized lead systems
might have very similar transfer impedances

~n

one projection

but would differ significantly in other projections.

By

combining certain of these systems subtractions would result in the cancellation of the similar impedances leaving
significant residues from specific cardiac regions.

,-

the~'.described

She

differential leads which would focus on the

anterior wall of the heart and on the right, inferior,
anterior wall of the heart.

She pointed out that by combina-

tion of various orthogonalized lead systems differential
leads focussing at any desired cardiac region could be
obtained.
She emphasized, however, that the method does not
permit actual focussing, but instead permits selective cancellation which alternates other regions much more strongly
than the desired region.
a focussing process.

Thus, it is more a masking than

Small residual transfer impedance

vectors will always be found at all heart locations.

The

system does, however, differentially measure a significant
Illocal effectll.

22
While a great deal of information is potentially
available in the differential, the complexity of both the
design of the lead and of its analysis greatly inhibit its
clinical usefulness at the present time.

Furthermore, a

great deal more work as to design and standardization of
specific differential leads remains to be done before they
assume their rightful importance in clinical electrocardiography.
III.

CLINICAL APPLICATION OF ORTHOGONAL LEADS

The standard l2-lead electrocardiogram has been almost
universally accepted in the past.

However, in recent years

more and more attention has been paid to various

orthogonal~

1zed lead systems and many investigators now feel that the
standard l2-lead system should be rejected in favor of a
three-lead orthogonal system.

Some of the reasons for this

preference will be discussed below.
A~

previously pointed out the standard and unipolar

limb leads and to a lesser extent, the precordial leads measure cardiac vector projections only on the frontal plane,
thus measuring transverse and vertical components but neglecting the sagittal component of the vector.

Also, a

system of twelve leads measuring only activity in one plane
would contain a great deal of redundant information.

A

three-lead orthogonalized system would include the sagittal

23

component of the cardiac vector.

And since it consists of

three leads measuring only components in three axes redundancy of the recorded information would not be present.
29
According to Borun
the major potential advantage
of using accurate orthogonal leads for recording electrocardiograms is that such leads should minimize distortion
and variation to differences in location of the cardiac
dipole source or to non-cardiac sources.

ThiS, he states,

would greatly facilitate the problem of relating the electrocardiographic data to electrical events within the peart
and should result in improved discrimination between normal
and abnormal subjects.

By disregarding non-dipolar ele-

ments of the cardiac electrical activity a certain amount
of information will be lost.

Scher

30

I

however, demonstrated

that 95 per cent of the total information available satisfied
a three-function system and could be obtained with just three
leads.

95 per cent retrieval of information certainly com-

pares favorably to the standard 12-lead system and, indeed,
greater retrieval of information cannot be expected from
any system available at the present tLrne.

31 c i tes two ma j or advantages
· ~P 1p~rger
orthogonal systems.

0f

t h ree- 1 ead

First, the diagnostic recognition

could be greatly tmproved.

Second, the information content

of the electrocardiogram would greatly exceed that Of the
l2-lead electrocardiogram.

24
He gives two examples of diagnostic improvement by
the use of the orthogonal leads.

He analyzed, one year

after the insult, 134 cases of well-documented myocardial
infarction by both the standard electrocardiogram and by
orthogonal leads.

By conventional record analysis the diag-

nosis<could be made in 70 percent of the cases, eight per
cent were questionable, and in 22 percent the tracings
were interpreted as showing no evidence of old infarction.
Orthogonal records were classified 100 per cent as myocardial infarctions.
He also analyzed orthogonal records of 32 cases of
biventricular hypertrophy confirmed by post-mortem examination.

Although in the literature this diagnosis can be

confirmed in only 25 per cent of cases, orthogonal lead
analysis provided the correct diagnosis in 94 per cent of the
cases studied.

In addition, significant correlations could

also be made between the electrocardiographic data and the
left ventricular thickness, total heart weight, and the
ratio between left and right ventricular thickness.
He makes the statement that orthogonal analysis is so
superior to standard l2-lead analysis that maintaining the
l2-lead electrocardiogram can be justified only on the basis
of prevailing habits both in teaching and in interpretation.
While there appears to be a great deal of information
to support this view a number of practical objections must

25

first be met.

First, agreement must be made on the choice

of an orthogonal system which would best approximate the ideal
conditions of uniformity and orthogonality.

Second, although

computerprograms have been devised for analysis in all cases
with sinus rhythm, programs for analysis of orthogonal leads
in cases of arrhythmias are still to be developed.

Finally,

for adequate interpretation computer analysis would be mandatory and such facilities are not available to the vast
majority of practicing physicians.
In conclusion, while three-lead orthogonal electrocardiography has obvious advantages a number of practical
considerations insure that the conventional 12-lead electrocardiogram will continue to utilized for some time to
come.

CHAPTER IV
SUMMARY AND CONCLUSIONS
Variations in the shape and size of the human torso,
variations in the location of the anatomic and electrical center of the heart, inhomogeneities in the conductive properties of the tissue lieing between the heart and the body
surface, and other factors have necessitated the development of electrocardiographic lead systems which record
surface potentials which are only approximations of the
actual electrical activity of the

~eart.

A standard lead system composed of three bipolar limb
leads, three unipolar limb leads, and six precordial leads
has long been accepted as the basis of clinical electrocardiography.

These leads were described individually and the

errors which they introduce were discussed.
In order to improve the efficiency of retrieval of
information about the cardiac electrical activity a number
of lead systems have been

~ntroduced

which are based on the

principle that the cardiac vector could be completely characterized by measuring its projections along the three axes
of a Cartesian coordinate system.

A review of the theoret-

ical basis and ideal characteristics of these orthogonal
leads is presented.
A goal of electrocardiographers through the years has
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been the design of lead systems which would measure selectively the electrical activity in localized regions of the
myocardium.

A review of a number of attempts to realize

this goal is discussed.
Finally, a comparison of the clinical usefulness of ;'
the standard l2-lead systemand three-lead orthogonal system
of electrocardiography is discussed.

The conclusion is

made that although the orthogonal leads are superior to the
standard electrocardiogram, practical considerations dictate
that the standard l2-lead electrocardiogram will continue
to find clinical application in the years to come.

BIBLIOGRAPHY
1. Einthoven, W., Fahr G., und de Waart.: Uber die Rightung
und die Manifeste Grosse de~ Potentialschwankungen in
Menschlichen Herzen und uber die Einfluss der Herzlage
auf die Form(~des Electrokardiogramms, Arch. f. d. ges.
Physiol. 150:275, 1913.
2~

Frank, E.: Spread of Current in Volume Conductors of
Finite Extent. Ann. N. Y. Acad.~Sci. 65:980, 1957.

3. Taccardi, B.: Distribution of Heart Potential on the
Thoracic Surface of Normal Human Subjects •• Circulation
Res. 12:341, 1963.
4. Frank, E.:

A Comparative Analysis of ~he Eccentric
Representation of the Human Heart.
Am. Heart J. 46:364, 1953.
D~~ble-layer

5. Katz, L. N.: The Physiological Basis of the Spread of
Cardiac Action Currents Through the Body. Ann. N. ¥.
Acad. Sci. 65:960, 1957.
6. Linder, E. Katz, L. N.: The Relative Conductivity of
the Tissues in Contact with the Heart •• Am.3J. Phys.
125:625, 1939.
7. Wilson, F. N., Johnston, F. D., Macleod, A. J., and
Barber, p. S.: Electrocardiograms that Represent the
Potential Variations of a Single Electrode. Am. Heart
J. 9:447, 1934.
8. Hill, A.: The Genesis of t,beeNormal Electrocardiogram.
Brit. ieart J. 8:147, 1946.
9. Bayley, R. H.: Exploratory Lead Systems and "Zero
Potentials.: Ann. N. Y. Acad. Sci. 65:1110, 1957.
10. Frank, E.I Determination of the Electrical Center of
Ventricular Depolarization in ~he Human Heart. Am.
Heart J •• 49:67l, 1955.
11. Dolgin, M., Grau, S., Katz, L. N.: Experimental Studies
on the Validity of ~he Central Terminal of Wilson as
an Indifferent Reference Point. Am. Heart J.
37 :868, 1949.
12. Wilson, F. N., at all The Precordial Electrocardiogram.
Am. Heart J. 27:19, 1944.

29

13. Frank, E.l Measurement and Significance of Cancellation Potentials on the Human Subject~ Circulation,
April, 1955.
14. Simonson, E., Schmitt, 0., Levine, R. B., andDahl, J.:
Electrocardiographic Mirror Pattern Studies. III.
Mirror Pattern Cancellations in Normal and Abnormal
Subjects. Am. Heart J. 45:655, 1953.
15. Frank, E.; The Image Surface of a Homogeneous Torso.
Am. Heart J. 47:757. 1954.
16. Burger, H. C., Van Milaan, J. B.: Heart-vector and
Leads. Brit. Heart J •• 8:l57. 1946.
17. Schmitt, O. H., Simonson, E.: The Present status of
Vectorcardiography. Arch. Int. Med. 96:574. 1955.
18. McFee, R. and Johnston, F. D.: Electrocardiographic Leads.
I. Introduction. Circulation 8:554, 1953.
19. Frank, E.; Determination of the Electrical Center of
Depolarization in rthe HUman Heart. Am. Heart J.
49;670, 1955.
20. Gamboa, R., White,N., and Adair, B.: EXperimental Comparison of Three Corrected Electrocaraiographic Lead
Systems. Cardologia 50:305, 1967.
21. Frank, liS.: An Accurate Clinically Practical System for
Spatial Vectorcardiography. Circulation i3:737. 1956.
22. McFee, R. and Parungao, A.I An Orthogonal Lead System
for Clinical Electrocardiography. Am Heart ~. 62:, 1961.
23. Barber, M•• R. , and Fischmann, E. J.: A Lead System
Recording Total Outward Cardiac Dipole Strength. Brit.
Heart J. 23:649, 1961.
24. Brody, D. A. And Arzbaecher, R. C.: Intrinsic Properties
of Uncorrected and ~ighly Corrected Leads. Circulation
34:638, 1966.
25. Helm, R. A.I An Accurate System for Spatial Vectorcardiography. Amer. Heart J. 53:4151 L957.
26. Fischmann, E. J. and Barber, M. R.I "Aimed ll Electrocardiography. Model Studies, Using a Heart Consisting of
6 Electrically Isolated Areas. Am. Heart J.
65:628, 1963.

30
27. Schmitt, O. H.:

The Biophysical Basis of Electrocardiography. Proceedings of the First National Biophysics Conference, Yale University Press 510. 1959.

28. Sinbel, A. B.:

In Vivo and In Vitro Measurements of
The Impedance and Phase Characteristics of Human
Tissues By Mutual Impedance Methods. Doctoral
Dissertation, University of Minnesota, 1966.

29. Borun, E. R.:

Variability of Electrocardiographic
Data Recorded with Orthogonal Leads. Am. Heart J.
76:62, 1968.

30. Scher, A. M., Young, A. C., and Meredith, W. M.:

Factor
Analysis of the Electrocardiogram: A Test of Electrocardiographic Theory. Normal Hearts. Circ. Res.
8:519, 1960.

31. Pipberger, H. V.:

Advantages of Three Lead Cardiographic Recordings. Ann. N. Y. Acad. Sci. 126:873,
1965.

